Summary. The 
Introduction
Movement of water across the cell membrane and intracellular ice formation during cooling associated with crystal growth during warming are the major factors that affect the viability of frozen-thawed living systems (Mazur, 1963 (Mazur, , 1977 . Even for cells such as fibroblasts (Farrant, Walter, Heather & McGann, 1977) , skin cells (Sherman, 1962) or embryos (Willadsen, Polge, Rowson & Moor, 1976;  Whittingham, Wood, Farrant, Lee & Hasley, 1979; Rail, Reid & Farrant, 1980) , which tolerate the presence of some intracellular ice well, water must be removed, at least partly, to prevent excess formation of ice during cooling or warming.
Dehydration is generally achieved during cooling to subzero temperatures in the presence of extracellular ice. Since the chemical potential of the intracellular water is higher than both that of the water and that of the ice in the extracellular medium, water tends to flow from the cells and freeze outside the cells (Mazur, 1963) , which progressively shrink as the temperature is lowered (Diller, Cravalho & Huggins, 1972; McGrath, Cravalho & Huggins, 1975; Leibo, McGrath & Cravalho, 1978) .
Dehydration before cooling to subzero temperature by osmotic shrinkage of the cells is thought to be detrimental to their survival after freezing and thawing. Most cell types rapidly reach a minimum volume which impairs their further development (Meryman & Hornblower, 1972; Farrant & Woolgar, 1972) . The removal of water increases the internal concentration of solutes, producing "solution effects" (Lovelock, 1953) , which reduces the viability of the cells and becomes more damaging when the cells are cooled slowly (Morris & Farrant, 1973) . However, dehydration before cooling has been shown to be compatible with the viability of several frozen-thawed cell types, e.g. skin cells which have been partly dried in air before freezing (Taylor & Gerstner, 1954) or red blood cells shrunken after exposure at room temperature to hyperosmotic solution containing sucrose, which is a non-permeable solute (Mazur, Miller & Leibo, 1974) . When combined with the protective effects offered by a permeating compound such as glycerol or dimethylsulphoxide (DMSO), dehydration before freezing can also increase the survival of fibroblasts (AshwoodSmith, 1975) or mouse embryos (Smorag, Katska & Wierzbowski, 1981a; Massip & Van der Zwalmen, 1982) .
The viability of embryos is not affected when they are kept shrunken at room temperature for up to 30 min in solutions of PBS made hyperosmotic with sucrose (Renard, Heyman & Ozil, 1982) or in association with a permeable cryoprotective agent such as propanediol (Bui-Xuan-Nguyen, Renard & Gamier, 1983 ). The present paper investigates the effects of this treatment at room temperature on 2-cell rabbit embryos.
Materials and Methods
Two-cell rabbit embryos were recovered in PBS (Whittingham, 1971) FCS and cultured in vitro for the assessment of their viability or they were rapidly frozen and thawed (see below). Variation in the size of the blastomeres before and after exposure to the solution containing both propanediol (2-2 m) and sucrose (0-5 m) was determined with an ocular micrometer: each blastomere was assumed to be a sphere whose diameter was defined as the square root of the product of length and width of the cell.
The freezing and thawing procedures used were derived from those described previously for the freezing of cattle blastocysts (Renard et al., 1982; Leibo, 1983 ) and 8-cell mouse embryos (Renard & Babinet, 1984 (Ménézo, 1976) .
The survival of the eggs was assessed by their ability to develop to the morula or early blastocyst stage during 48-72 h of culture at 37°C in Medium B2 in vitro or by their ability to develop into fetuses after transfer to the oviducts of pseudopregnant females. Transfers of eggs were done surgically (Staples, 1971) and each recipient received 8-10 embryos 18-22 h after their mating with a proven vasectomized male. The animals were examined at surgery 11 days after egg transfers and the numbers of implantation sites in each uterine horn were counted. Pregnant recipients were killed on Day 28 of gestation to determine the number of living young.
Significant differences and homogeneity between samples were determined using Student's t test for differences of paired measurements of cell volume (before and after shrinkage with sucrose) and the 2 test with Yates' correction for proportions.
Results
In a preliminary study two-cell rabbit embryos were placed progressively (stepwise addition) or directly into a solution of 2-2 M-propanediol in PBS + 20% FCS at room temperature for 30 min.
Stepwise addition consisted of first exposing the embryos to 0-5 M-propanediol during 5 min followed by a second exposure to 1-5 M-propanediol for 5 min before placing the embryos in 2-2 Mpropanediol. After 30 min of treatment the embryos were placed directly in PBS + 20% FCS for 10 min and then they were cultured at 37°C in Medium B2 for up to 72 h. Seventeen out of 20 (85%) and 20 out of 22 (90-9%) direct and stepwise embryos, respectively, developed to the morula stage. It therefore was concluded that the embryos could be exposed directly to 2-2 M-propanediol at room temperature and equilibrated during 30 min without a marked effect on their subsequent viability.
In the first experiment, the embryos first were placed in 1 -5 M-propanediol and exposed for up to 15 min at room temperature to a solution containing both propanediol (2-2 m) and sucrose (0-5 or 1 -0 m). Exposure to the solution containing 0-5 M-sucrose for up to 15 min did not affect the survival of embryos (Table 1 ) . Percentages of morulae obtained after 3,5 or 15 min of treatment were 95-4% (n = 22), 100% (n = 14) and 86-6% (n = 30), respectively. These values were similar to those obtained with untreated embryos (86-6% and 100%) after 5 and 15 min respectively in solutions To compare the protective effects of propanediol and DMSO on 2-cell rabbit embryos, embryos were exposed to 1-5 M-propanediol, pretreated with 2-2 M-propanediol or DMSO + 0-5 M-sucrose for 5 min at room temperature, directly cooled to -30°C with 30 min of holding time before being plunged into liquid nitrogen, and rapidly thawed in a waterbath at 20°C. After thawing, the percentage of embryos that looked morphologically normal tended to be less when embryos had been frozen in 2-2 M-DMSO than when embryos had been frozen with the same concentration of propanediol (Table 3 ). The overall survival rate with DMSO was less than that obtained with propanediol.
The results after transfer of embryos to pseudopregnant females are given in Table 4 . Values for frozen embryos were not significantly different from those obtained for unfrozen embryos. 
Discussion
The present work shows that partial dehydration of 2-cell rabbit embryos for up to 15 min at room temperature did not affect their subsequent viability and that this treatment permitted a high survival rate after rapid freezing and thawing.
In these studies the cell volume of the embryos was reduced to about 50% of the original volume by exposure to 0-5 M-sucrose. Several mammalian cells in culture tolerate a similar osmotic shrinkage (Meryman, 1974; Micronescu, 1977) and their metabolic activity is not reduced even when the cell ultrastructure appears markedly altered by shrinkage (Mansell & Clegg, 1983) . In previous work we showed that cattle blastocysts survived exposure to 1 -0 M-sucrose for 30 min at 37°C (Renard et al., 1982) and Kasai, Niwa & Iritani (1983) obtained normal development of mouse and rat morulae kept shrunken for 5 days at 0°C in 0-75 M-sucrose. It therefore appears that even a greater degree and longer period of dehydration than that used in the present study might not be harmful when embryos are kept at room temperature.
Our work shows that partial shrinkage of the blastomeres before cooling confers some protection against injuries resulting from rapid freezing and thawing; some embryos may survive even after plunging them directly into liquid nitrogen. However, a holding time of at least 30 min at -30°C appears to be necessary to achieve a high survival rate ( > 85% in vitro). The beneficial effect of an equilibration period at subzero temperature has been observed previously with rapidly frozen mouse embryos (Wood & Farrant, 1980; Smorag, Katska & Wierzchos, 1981b) . We consider that during the holding period at -30°C the osmotic shrinkage of the embryos completes the initial shrinkage obtained with sucrose at room temperature. However, when the embryos are shrunken more severely by short exposure to 1 -0 or 1 -5 M-sucrose before cooling none of them survive after being plunged directly into liquid nitrogen and the blastomeres were often found to be damagedjust after thawing (unpublished observations). It must therefore be considered that the beneficial effect of the equilibration period is dependent not only on the further reduction of cell volume but must also be related to other causes. At fast cooling rates cell volume changes are not a function of the relative initial cell size: heat transport dominates the mass transport creating a large osmotic disequilibrium on membranes (Schwartz & Diller, 1983 (Luyet, 1970) . From -40°C down to the temperature of liquid nitrogen no ice will form in embryos that are cooled rapidly (Rail et al., 1980; Rail, Reíd & Polge, 1984) , and so ice crystals must be formed at higher subzero temperatures. From scanning differential calorimetry studies of a solution of PBS + 20% FCS supplemented with 1-0-3-0 M-propanediol or DMSO, we estimated that about 10-15% more ice crystallizes during cooling at 20°C/min with DMSO than with propanediol (J.-P. Renard & P. Boutron, unpublished data) . Additional comparisons of the phase diagrams of the binary system water-DMSO (Rasmussen & MacKenzie, 1968) and water-propanediol (Boutron & Kaufmann, 1979) (Maurer & Haseman, 1976; Whittingham & Adams, 1976; Tsunoda & Sugie, 1977; Landa, 1982a) . Almost no embryos exhibited damaged zonae or mucin coats after thawing. As discussed by Landa (1982b) , this may be due to the rapid melting of extracellular ice produced by the high rate of thawing we used and which is favoured by the large surface area and relatively small amount of medium frozen in plastic straws. Beneficial effects resulting from use of this type of container have been observed with mouse 8-cell embryos (Renard & Babinet, 1984) . blastomeres of rabbit embryos are often of unequal size (Assheton, 1894) (Maurer, Hunt & Foote, 1968) ; egg recovery from flushings of the vagina of females treated with prostaglandin F-2a offers an attractive possibility for nonsurgical recovery in the rabbit (Takeda, Suzuki, Terami & Tsutsumi, 1979 
